The dynamics of thermoplastic-photoconductor films is reviewed. A theory -of thermoplastic film deformation is presented for a three-layer structure in air with modified boundary conditions. The amplitude of the deformation A versus the spatial frequency k is of bandpass type (A-k curve). The influence of the thickness of the layers and the heating and electric parameters on the A-k curve are analyzed. The predictions of the model are compared to others previously reported and with experimental data. The validity and limitations of the model are also discussed.
I. INTRODUCTION
Thermoplastic-photoconductor materials for recording optical information are well known.1-6 They are considered very promising candidates for the storage of optical signals7'* and for nondestructive testing by interferometry. ' holographic The frost effect presented by these materials is related to spontaneous deformations observed when the charged films are heated to a temperature close to the glass transition Tgr where they become fluid." A first approach to this problem was presented in Budd's article," where a dispersion relation between the rate of growth of deformation and spatial frequency was obtained. Budd used an effective surface stress by subtracting from the surface stress a term related to the electrostatic energy of the layer and considering only the influence of the forces normally oriented. An improvement of Budd' s theory was presented by Killatr2 for a single layer, considering the effects of the electrostatic potential inside the tim in the boundary conditions, i.e., in the thermoplastic and air. The performance and limitations of these films are also analyzed by Killat and Terre1 in a subsequent article.r3 The most important criticism concerning the models derived by Budd and Killat is that they consider a single layer: This is not realistic, since the thermoplastic film is limited, at least, by a photoconductive layer and, optionally, by a dielectric substrate. Another important limitation of these models is that they consider that there is no charge leakage during the heating but, near Tg, charge decay should be assumed to take place due to the finite value of the thermal conductivity of the thermoplastic. This latter assumption is considered by Hirshfeld, Friesem, and Rav-Noy14 but, on the contrary, they do not take into account the effects of the electrostatic field distribution inside the film, in spite of the fact that they explicitly state that the electric forces are responsible for the growth of the deformation. A different approach is due to Handojo,15 explaining the frost deformation from thermodynamic and electrostatic considerations.
The purpose of this work is to show from a hydrodynamic point of view the importance of the electric parameters involved. A dispersion relation for the rate of growth of the deformation and the spatial frequency is obtained. This relation reduces to Budd' s results when the electric effects are negligible. The amplitude of the deformation is also obtained as a function of the spatial frequency, the heating parameters, and the electric conditions.
It is very important to understand the underlying mechanisms and the relative importance of the different parameters involved for the design and optimization of thermoplastic materials.
Section II is devoted to the introduction of the basic equations; in Sec. III the generalized boundary conditions are obtained, and the predictions are presented in Sec. IV. The limitations of the model and the conclusions are presented in Sec. V.
II. THE MOTION OF A VISCOUS FLUID
The three-layer structure we consider is schematized in Fig. 1 . The thermoplastic is considered as a viscous fluid bounded by a solid photoconductive layer at y = h, and air at y = h2. Both the photoconductor and the thermoplastic are coated over a plastic substrate at y = ho. The substrate is in contact with a grounded transparent plate. In the usual recording procedure the thermoplastic surface is charged by a corona device (tips or wires kept under high voltage around 10 kV). Then the system may be exposed to a monochromatic optical pattern that will generate a Iatent electrostatic image. Development is carried out heating the thermoplastic close to the glass transition temperature Tg which enables us to fix the optical pattern as variations of the thickness of the thermoplastic layer (phase grating). Readout is accomplished after cooling by illuminating the system with monochromatic light of the same or different wavelength employed during exposure. We assume that the heating will not modify the optical properties of the thermoplastic layer (mainly the refraction index), thus the phase shift introduced by the grating is mainly due to thickness variations.
The glass transition is characterized by a diminished viscosity that allows the thermoplastic to flow according to the electric forces. This effect is accompanied by an increased conductivity.16 It is reasonable to assume that the increased conductivity is followed by a decay of the electric field. We will show that caIculations based on decaying electric field taking into account appropriate boundary conditions are able to explain many experimental observations. The flow field is considered to have an x-y dependence (bidimensional flow field), and U, and uY are, respectively, the x and y components of the velocity v. We shall look for A T,,s j J-1 k2 I ,>>, eluded in this analysis. The coefficients p and v are considered constants (independent of time) in the following analysis. where the subscripts 1 and 2 apply to each fluid (inside and outside the thermoplastic respectively) and nl and ~2~ stand for the normal vectors at the surface of each medium. In Eq. It was taken into account that rzl, j= -n2, j to deduce Eq. (3.5). The model of Budd" assumes a zero tangential stress. In this case we have considered a nonzero tangential stress due to the presence of the electrostatic forces. If we consider that the surface pressure arises from the modulation of the electric field in the thermoplastic layer, at the temperature at which the thermoplastic is soft enough to flow Tg, a charge decay takes platie. This process is described as a decaying sinusoidal surface pressure of the form
where p. is the amplitude of the surface pressure and R is given by Eq. (2.3). A model of the fields inside the different layers must be considered to evaluate the Maxwell stress tensor. The expres-F. Carreio and E. Bernabeu sions derived for the field inside and outside the thermoplastic in the Appendix are used for this purpose. Equations (3.5) become exp(kh2j-C2 (3.8) d2s (x,t) xexpr-khz)ls(x,t>}=~,yy+T dx2 +P, where E,D stands for the tangential field at the top of the thermoplastic layer y = h2 and cro, Co, Cr , and C, are given in the Appendix. The nonlinear terms in s2(x,t) that would produce higher harmonics were neglected to deduce Eq. (3.8). The main difference between equation (3.8) and that derived by Killatr2 is that we have taken into I account the structure of the film to obtain the electrostatic field distribution inside the film (see Appendix) and the decaying surface pressure i. Equation (2.5) and the boundary conditions given by Eq. (3.1), (3.2), and (3.8) may be solved," and the following dispersion relation is obtained: (3.9) where S= [ 1 +(o/~Ic~)]r'~ and f(S,kh) is given by (3.10) and the amplitude of the deformation is given by Ao= -PO1 ?lk2
In Eq. (3.10) Too and T,, are given by
and To, T1, T,, T3, and T4 stand for
rlk . In the limit of a high viscous medium, Eq. (3.10) can be expanded in powers of mIvk2, and retaining the first nonzero term we finally obtain
where a3 is given by
The solution obtained by Budd for o(k) is recovered in the limit of uo--+O in Eq. (3.14). The amplitude of the deformation in the high viscous approximation can be expressed as (3.16)
IV. PREDICTIONS OF THE MODEL
In Fig. 2 we have plotted the rate of growth for several values of a,. The dashed line give the results obtained without considering electrostatic forces (as in Ref. 14) . It is obvious from Fig. 2 that the electric-field distribution tends to reinforce medium spatial frequencies. In the limit of high spatial frequencies the results of the model tends asymptotically to the values predicted by other models.
The previously mentioned articles, except Ref. 14, focus attention on the dispersion relation w(k), whereas the main parameters in holography are the amplitude of the deformation A versus the spatial frequency k curve which we shall call the A-k curve and its bandwidth. The sensitivity of the material with its rheological properties, the heating parameter, the electrical characteristics, and the thickness of the different layers must be analyzed. The data used in subsequent calculations are p=lOOO kg/ma, T=O.Ol N/m2, q=106 P, po=106 N/m', and the dielectric constants of the layers A, B, C, and D were, respectively, ea=2, ~=3, ~,=2.3 and ~=l (air). The dielectric constants are in units of the vacuum dielectric constant eo.
A. Heat-development energy
The heat-development energy enters in the model affecting 77 and U. For the temperatures near or above the glass transition temperature Tg , the following approximate relation holds? q = const.
(4.1)
In the rigid state, i.e., while the viscosity is high, the deformation amplitude A(t) is maintained constant. The duration of this state is given approximately by the time required to approach to a temperature close to Tg (At,) where the thermoplastic becomes fluid. The value of At, depends mainly on the thickness of the film, the thermal diffusivity, and the heating power.lg If we consider a fluid state during a certain time At, the process can be described as i 0, isAt,,
tkAt,
i.e., there is no deformation during the rigid state, then it starts to grow, reaches a maximum and, optionally, decreases until it stops at t=At. It is clear from Eq. (4.2) that the terms in SlAt and in oht increase or decrease by the same factor, while A, given by Eq. (3.16) is unaffected; thus, KlAt should be a candidate as a parameter for characterizing the development. The A-k curve as a function of the heating parameter is shown in Fig. 3 almost constant for all spatial frequencies and close to zero, i.e., it is underdeveloped. The typical bandpass response appears when the value of the heating parameter is increased and for ibAt% 1 the deformation is reduced again. This last result is due to the reduction of the internal stress of the material to minimum values: Because of this the material can be reused. The working point should be selected in the intermediate region where the width and the amplitude are adequate for the recording of holograms. We note here that the diffraction efficiency (DE) of a thin two-dimensional sinusoidal phase grating is given by"' X being the wavelength employed for the recording-readout of the holograms, it the refractive index of the thermoplastic layer, and A, the depth of the deformation. Figure 4 shows the DE as a function of the heating parameter for two values of the thermoplastic thickness h. There is an optimum heat to get the maximum DE for a fixed value of h. It should be noted that for low values of h, the DE of the holograms will be reduced in comparison to that obtained for larger values. It becomes clear now the assumption mentioned in Sec. II related to the constant value of the refraction index of the thermoplastic layer: If both n and the thickness of the thermoplastic layer change it will produce a mixed grating, which is considered undesirable for the recording of holograms. "' 6. Influence of electrostatic forces
The effect of surface charge density in the A-k curve is shown in Fig, 5 : The tangential electric stress increases when w. is increased, producing a reduction of the peak deforma- tion, and a shift of this peak to lower spatial frequencies. The effect on the DE should also be considered due to the contrary effects of heating and charging. Figure 6 shows a 3D plot of the peak deformation as a function of heating and charging parameters for h = 0.25 ,um.
The effects on the resolution (bandwidth) and DE efficiency of the surface charge density are Iess pronounced for low values of the thermoplastic thickness, i.e., thermoplastic films of reduced thickness (around 0.20 pm) are less sensitive to variations of charging conditions: This is very important because these materials are usually sensitized using corona devices and, due to the random nature of the Townsend discharge, it is difficult to reproduce the same conditions during sensitization of different frames unless considerable charging times (around 200 s) are used.21
The influence of the thermoplastic dielectric constant in the A&k curve is of second order. This result is contrary to that reported by Killat, 12 Freq (lines/mm) uted the effect to the thermoplastic, but according to Schaffert," the main layer in electric terms is the photoconductive layer. When the dielectric constant of the photoconductive layer is increased, the amplitude of the deformation reduces its magnitude. Figure 7 shows the dependence of peak deformation with charging conditions and fixed power heating. The values have been determined with an atomic force microscope (NanoScope from Digital Instruments) working in tapping mode. The peak deformation increases when the high voltage applied to the corona unit (and then the value of u. available) is increased. The value of the peak deformation is in the range of lo-80 nm which remains within the limits of application of the model (.%Hl). Now the influence of the electrostatic forces becomes clear to properly describe the dynamics of thermoplastic films. 
C. Thickness of the layers
The effects of the thickness of the different layers are described in the following. The substrate is used as a physical support of the other layers: Its effects on the dynamics have been analyzed by us using Eqs. (3.14)-(3.16), showing that the influence of the substrate parameters (Ed and ho) are of second order.
The role of the photoconductor is mainly to keep the charges in the absence of light and to allow a selective migration of charges during the exposure to both object and reference beams during the recording of holograms. The electrostatic latent image can be fixed later when the film is heated. A low dark current is required for this layer to be useful for the recording of holograms, then a high value of the dielectric constant is required.
The central layer is the thermoplastic. The effect of changing the thickness of this layer h, is of major importance: When it is increased the bandwidth decreases drastically while the peak deformation is increased. Figure 8 shows the typical bandpass response of these materials for different values of h. Figure 9 shows the spatial frequency at which the peak deformation is achieved f,, as a function of the thickness. In each one of the figures the surface charge was maintained constant while the heating parameter was varied from conditions close to underdeve1opme.m to overdevelopment. A nonlinear behavior appears for low values of the heating parameter flAt and tends to a linear relation for higher values of nAt. The influence of the electrostatic forces is to increase f,, to higher spatial frequencies when ClAt is low, whereas when the heating is strong the electrostatic forces tend to give a soft dependence for f max with h. This effect is better appreciated for high values of the surface charge density (see Fig. 10 ) with deviations around 40% with regard to models that neglect the influence of these forces.
D. Comparison with experimental data
The model proposed for the dynamical evolution of the surface displacement given by Eq. (4.2) is of more precise nature than that given in Ref. 14 as it incorporates a new parameter Ato, which is related to the duration of the rigid state. We have tried to verify the validity of this model from an experimental viewpoint using the setup proposed in Ref.
23: The three-layer film employed was a commercial available thermoplastic film. The film was illuminated by an IR emitter (SFH 400-3) and the light scattered by the surface out of the specular angle was collected by an IR photodetector (BPX 43-3). The photosignal was amplified and stored in a digital scope HP54501 A and transferred to a computer for later analysis. The photosignal can be related to the surface displacement by computing the scattered electric field by a slow moving boundary using standard techniques.20 Figure 11 shows the photosignal and the heating pulse applied (scaled for display purposes). The photosignal remains at a constant value till t = At, where it starts to grow, reaches the maximum value, and stops at t = t, . Figure 12 shows how the heating power modifies the duration of the fluid state. Curves (a), (b), and (c) correspond to underdevelopment, correct development, and overdevelopment, respectively. Humidity was 86% and ambient temperature 22 "C. The surface charge can be estimated using the Z-V characteristic of the corona device.22 We have determined At, to be of the order of 600 ms for a film of a global thickness equal to 55 ,um. Then our model should be applied to times greater than At,.
The photosignal is related to the amplitude of the deformation, then we could test the influence of the electrostatic forces for a fixed heating power by considering sensitization 7. of the film at various high voltages. Figure 13 shows clearly that the peak of the photosignal grows when the surface charge is augmented, indicating that the peak deformations have been increased.
V. DISCUSSION AND CONCLUSlONS
We outline and discuss the main hypothesis of the model presented in this article, as follows.
The thermoplastic in the fluid state is considered incompressible. This can be considered as a good approximation if the changes of the density due to temperature variations are negligible. In this way p can be considered constant in Eq. (2.5). The viscosity 7 of the fluid is also assumed to be independent of temperature: This has been shown to be accurate enough to predict the growth of the deformation (see Fig. 11 ). It should be pointed out that, in fact, the viscosity depends on temperature and molecular weight as is shown in Ref. 24 for a polystyrene film at temperatures and below T, . A more complete approach to the problem of the frost deformation will take into account this effect and both the heat conduction and the velocity equations should be solved simultaneously (nonlinear coupled equations).
The convection term in Eq. (2.4) was neglected; then the model should be applied to a regime where the Reynolds number .S is small compared to unity. The value of .9Z remains in this range for all the cases considered in this article (typical values are of the order of 0.01).
The electrostatic field distributions were obtained neglecting the dark conductivity of the photoconductive layer. This effect can be considered of second order in practical applications. The photoconductive layer is also considered to have an infinite viscosity that, in practical terms, means that its glass transition temperature is far enough from the Tg of the thermoplastic layer. Usually both the thermoplastic and the photoconductive layer have a common polymeric matrix but are doped with different amount of dyes, giving different values of Tg for each layetz The optical properties of the thermoplastic layer, mainly the refraction index, are supposed to remain unmodified after heating and cooling the thermoplastic layer. This hypothesis has not been tested experimentally but it is implicitly assumed elsewhere.= It is worthwhile to note that general surface displacements different from that given by Eq. (2.1) can be analyzed using Fourier techniques due to the linear character of Eq. (2.5). In the same way, general surface charge distributions may be considered as Eq. (5.2) is also linear.
In the dynamical model of the frost deformation of thermoplastic-photoconductor films presented in this article, the amplitude of the deformation is found to depend mainly on the thermoplastic layer thickness, the surface charge density, the permittivity of the photoconductor layer, the surface tension, and the rheological parameters of the thermoplastic. We have employed electrostatic potential distributions that are valid for the three-layer structure considering a sinusoidal charge distribution, showing that the involved electrostatic forces play a fundamental role in the dynamics of the deformation.
We have provided experimental evidence of the validity of the model for the frost deformation and the influence of the electrostatic field distribution measuring the scattered light by the film during heating. We have also measured with an AFM the spatial roughness of the film after the complete process (charging, heating, and cooling), given a measure of the peak deformation.
The theoretical model presented in this article provides a deep physical insight into the dynamics of the deformation of the photoconductor-thermoplastic film.
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APPENDIX: ELECTROSTATIC FIELD DISTRIBUTIONS IN A THREE-LAYER FILM
The study of electrostatic fields is of major importance for understanding the dynamics and the image formation characteristics of photoconductor-thermoplastic films. Neugebaue? developed a method based on virtual charges to analyze the effects of electrostatic forces in xerographic devices. A different approach to the same problem is due to Schaffert.= We have analyzed the electrostatic field distributions for a three-layer filmZ7 and for completeness we reproduce here the main steps of the analysis.
The film is sensitized using a corona device, usually a positive corona, thus a surface charge distribution is achieved at the upper surface of the thermoplastic and its image at the top of the photoconductor. We will consider a sinusoidal distribution of charges on the upper surface of the photoconductive layer given by 6=$? [l+cos(kx) ].
(AlI Note that u. is related to surface charge distribution while (T of Eq. (4.1) is the thermal conductivity of the thermoplastic layer.
The geometry considered is a three layer film in air: a substrate (A) the photoconductor (B), and the thermoplastic layer itself (C). The dielectric constants are E,, Ed, and E,, and Ed=1 is considered for the air. The Laplace equation must be solved to know the fields inside the different media involved,
v2v=o. WI
We shall employ the ansatz to solve Eq. (A2), +Aza exp(--b)lcos(kx),
where (Y is a label for the regions from A to D, A,, AOm, A rn, andA2, being constants to be determined by the boundary conditions for the potential and the electric field.% The dark current of the photoconductive layer is neglected in the following analysis. Solutions of the sinusoidal part can be treated separately from the linear term of Eq. (A3) for linear dielectric media. We are particularly interested in the solutions in regions C and D that directly appear on the boundary problem associated with the fluid problem (3.8), that can be expressed as (khO+4khI) c46)
The electric field in regions C and D is straightforwardly calculated from the previous equations, obtaining
